| INTRODUC TI ON
The evolution of movable paired appendages is one of the most important events in the history of vertebrate evolution, providing the ability to control complex movements. In amniote limbs, muscle precursors that delaminate from the ventral edge of the dermomyotome migrate toward the limb buds and differentiate into muscles. In contrast, the body wall muscles are formed by the epithelial dermomyotome extended into the somatopleure Christ & Ordahl, 1995) . Muscle precursor cells that delaminate from the lateral dermomyotome and undergo extensive migration toward peripheral targets, such as fore-and hindlimb buds, are called "migratory muscle precursors" (Alvares et al., 2003) .
In the occipital region, these precursors contribute to the formation of the tongue muscles, whereas in the cervical region, they generate the infrahyoid muscles and the mammalian diaphragm (Bladt, Riethmacher, Isenmann, Aguzzi, & Birchmeier, 1995; Dietrich et al., 1999; Kusakabe & Kuratani, 2005) .
In molecular studies using chick and mouse embryos, migratory muscle precursors are characterized by the expression of Lbx1, which encodes a ladybird homeobox transcription factor (Jagla et al., 1995) . In Lbx1 knockout mice, muscle precursors migrate toward limb buds in an aberrant manner; hence, Lbx1 knockout mice lack some limb muscles, suggesting that Lbx1 is involved in controlling the migration of migratory muscle precursors (Brohmann, Jagla, & Birchmeier, 2000; Gross et al., 2000; Schafer & Braun, 1999) . Expression of Lbx1 in dermomyotome as well as in muscle precursors is regulated by Pax3, the paired-type homeodomaincontaining transcription factor (Gross et al., 2000; Mennerich, Schafer, & Braun, 1998) . Splotch mutants, mice deficient in Pax3, lack the expression of Lbx1 at the ventral edge of the dermomyotome and fail to form a pool of migratory muscle precursors. Thus, Splotch mice lack the muscles derived from migratory muscle precursors, including limb muscles and diaphragm (Lours-Calet et al.,
In amniotes, limb muscle precursors de-epithelialize from the ventral dermomyotome and individually migrate into limb buds. In catsharks, Scyliorhinus, fin muscle precursors are also derived from the ventral dermomyotome, but shortly after deepithelialization, they reaggregate within the pectoral fin bud and differentiate into fin muscles. Delamination of muscle precursors has been suggested to be controlled by hepatocyte growth factor (HGF) and its tyrosine kinase receptor (MET) in amniotes. Here, we explore the possibility that HGF/MET signaling regulates the delamination of appendicular muscle precursors in embryos of the catshark Scyliorhinus canicula. Our analysis reveals that Hgf is expressed in pectoral fin buds, whereas cMet expression in fin muscle precursors is rapidly downregulated. We propose that alteration of the duration of c-Met expression in appendicular muscle precursors might underlie the evolution of individually migrating muscle precursors, which leads to the emergence of complex appendicular muscular systems in amniotes.
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appendicular muscles, cartilaginous fish, HGF/MET signaling 2014; Mennerich et al., 1998) . Pax3 also regulates the expression of c-Met, which encodes a tyrosine kinase receptor and is expressed in the ventral edge of the dermomyotome, as well as in the muscle precursors migrating toward the targets (Adachi et al., 2018; Bladt et al., 1995; Dietrich et al., 1999; Haines et al., 2004; Scaal et al., 1999) . Hgf, which encodes hepatocyte growth factor−the ligand of c-Met−is expressed in the environment where muscle precursors migrate, including the hypoglossal cord, limb buds and transverse septum (Dietrich et al., 1999) . Similar expression patterns of c-Met and Hgf have been observed in other gnathostomes. In chick embryos, Hgf transcripts are detected in limb buds (Adachi et al., 2018; Heymann, Koudrova, Arnold, Koster, & Braun, 1996; Scaal et al., 1999) . In zebrafish embryos, hgf is expressed in the pharyngeal arch and pectoral fin buds (Haines et al., 2004; Latimer & Jessen, 2008) , whereas c-met is expressed in the ventral edge of somites and in muscle precursors migrating toward pectoral fin buds (Haines et al., 2004; Latimer & Jessen, 2008) .
In mice lacking the function of c-Met or its ligand HGF, Lbx1-positive muscle precursors formed in the ventral edge of the dermomyotome at the limb bud level, but these muscle precursors failed to delaminate from the dermomyotome and lacked limb muscles, tongue-and infrahyoid muscles or a diaphragm (Bladt et al., 1995; Dietrich et al., 1999) . These results suggest that the HGF signaling pathway is required for the delamination of dermomyotome to release migratory muscle precursor cells (Bladt et al., 1995; Dietrich et al., 1999) . Furthermore, the application of HGF-soaked beads in the flank of chick embryos induced ectopic de-epithelialization of the ventral lateral plate mesoderm adjacent to the bead (BrandSaberi, Muller, Wilting, Christ, & Birchmeier, 1996; Heymann et al., 1996; Mennerich et al., 1998) . In zebrafish, injection of c-met morpholino or anti-HGF antibody led to a failure of pectoral fin muscle formation, whereas the application of HGF-soaked beads adjacent to the presumptive pectoral fin bud field induced ectopic muscle fiber formation (Haines et al., 2004) . Thus, it has been suggested that HGF/MET signaling controls the de-epithelialization of dermomyotome to release migratory muscle precursors (Bladt et al., 1995; Dietrich et al., 1999; Haines et al., 2004) .
In elasmobranchs, it was believed that appendicular muscles are formed by direct epithelial extension from the dermomyotome (Goodrich, 1930; Neyt et al., 2000) . Recently, re-examination of the development of pectoral fin muscles in catshark (Scyliorhinus) revealed that chondrichthyan fin muscles are indeed formed from Lbx1-positive muscle precursors, and these precursors originate from the ventral edge of the dermomyotome (Okamoto et al., 2017) .
Furthermore, in catshark embryos, Pax3 transcripts are also detected in Lbx1-positive areas, including pectoral fin buds and the hypobranchial region, suggesting that the Pax3-Lbx myogenic pathway is conserved in elasmobranchs. Interestingly, in catshark embryos, fin muscle precursors accumulate shortly after de-epithelialization from the dermomyotome and form a compact cell aggregate within the pectoral fin bud (Okamoto et al., 2017) . In contrast to this observation, muscle precursors of amniotes are dispersed as a mesenchyme toward the limb bud (Vasyutina & Birchmeier, 2006) . The molecular features of the accumulation of muscle precursors seen in the shark fin bud remain unidentified.
Here, we examined the expression of Hgf and c-Met in the catshark Scyliorhinus canicula to investigate the possible involvement of Hgf signaling in the patterning of appendicular muscles. Our results show that Hgf is expressed in the pectoral fin buds. However, unlike those in amniotes, c-Met transcripts in catshark become undetectable immediately after separation from the dermomyotome.
Nevertheless, c-Met transcripts are detected in the ventral edge of the dermomyotome at the onset of de-epithelialization, similar to those in amniote embryos. Based on these results, we discuss a possible scenario for the evolution of appendicular muscles.
| MATERIAL S AND ME THODS

| Animals
Small-spotted catshark (S. canicula) eggs were incubated at 12-16°C in seawater and staged (Ballard, Mellinger, & Lechenault, 1993) . Embryos were fixed overnight in 4% paraformaldehyde in phosphate-buffered saline, dehydrated in a graded methanol series, and stored in 100% methanol at −20°C. All animal studies were performed in accordance with the guidelines for animal experiments of Tokyo Institute of Technology.
| Gene isolation and phylogenetic analysis
Total RNA was extracted from stage 27 S. canicula embryos. cDNA was synthesized by reverse transcription and used as a template for PCR.
To clone S. canicula genes, we used primers that were based on the nu- Molecular phylogenetic analysis was performed to confirm the orthology of the newly identified S. canicula genes. Deduced amino acid sequences of the sequences in the data set below were aligned using ClustalW version 2.1 (Thompson, Higgins, & Gibson, 1994) .
Regions that could not be reliably aligned and sites with gaps were excluded from the analysis. Maximum-likelihood phylogenetic trees of amino acid sequence datasets were constructed with MEGA5 (Tamura et al., 2011) , assuming the JTT model. Bootstrapping was carried out with 1,000 replicates. For Hgf, Mst1 (Macrophage stimulating 1) and PLG (Plasminogen) genes were used as outgroups using kringle domains. For c-Met, Mst1r (Macrophage stimulating 1 receptor) and PLX (Plexin) genes were used as outgroups using sema domains. 
| Probe synthesis and in situ hybridization
Scyliorhinus canicula Hgf (1089 bp) and c-Met (872 bp), which were cloned into pBluescript SK-, were used as templates for riboprobe synthesis. Whole-mount in situ hybridization was carried out as described (Sakamoto et al., 2009) 
| Vibratome sectioning
Embryos that underwent in situ hybridization were processed for vibratome sectioning by embedding in 2% agarose/PBS. Each section was cut at 100 μm thick with a MicroSlicer ZERO1N (DOSAKA EM).
| Semi-quantitative RT-PCR
Pectoral fin buds and the interlimb flank of stage 27 catshark embryos were isolated by dissection. Total RNA was extracted using the RNeasy Mini Kit (Qiagen). To remove genomic DNA, each RNA sample was treated with RNAase-free DNase (Qiagen).
cDNA was synthesized from RNA using SuperScript III Reverse Transcriptase (Invitrogen). Scc-Met transcripts were amplified with the following primers: 5′-CTTGGAACGTCTACTGGTCG-3′ and 5′-TACTGCAGGACAAGAAGTGG-3′. To determine relative transcript levels of functional Scc-Met, RT-PCR products were subjected to agarose gel electrophoresis, and the intensity of each band was measured using the Image J program (https://imagej.nih.gov/ij/). The relative expression level of Scc-Met was normalized to the expression level of ScGAPDH (Sakamoto et al., 2009 ). The standard deviation was calculated using data from three independent experiments.
| RE SULTS
To gain insight into the involvement of HGF signaling in the deepithelialization of pectoral fin muscle precursors from the dermomyotome in S. canicula embryos, we searched for S. canicula orthologs of Hgf and c-Met and isolated one for each (Supporting Information Figure S1 ). In pectoral fin buds of Scyliorhinus embryos, Lbx1-positive muscle precursors de-epithelialize from the lateral dermomyotome at stage 27, begin to accumulate by late stage 27, and ceases to invade the pectoral fin buds by stage 28 (Okamoto et al., 2017) . Thus, we examined the expression of Hgf and c-Met in S. canicula embryos at stages 26, 27 and 28 (Figures 1 and 2) . Figure 1g-i) . These results suggest that the expression of Hgf in the paired appendages is conserved between S. canicula and amniote embryos (Adachi et al., 2018; Dietrich et al., 1999; Heymann et al., 1996; Scaal et al., 1999) . 
| D ISCUSS I ON
Here, we show that Hgf was expressed in pectoral fin buds in S. canicula embryos, suggesting that this expression pattern of Hgf is conserved among gnathostomes (Figure 1 Figure S1 ) and the small numbers of synonymous substitutions per site (0.081 and 0.019, respectively, compared with the inter-order count of over 0.400) (Hara et al., 2018) .
In catshark embryos, muscle precursors aggregate within pectoral fin buds immediately after delamination from the dermomyotome (Okamoto et al., 2017) . It was also shown that muscle precursors form clusters in the hypobranchial region in S. torazame embryos (Okamoto et al., 2017) . In mouse and zebrafish, c-Met-positive muscle precursors disperse during their migration along Hgf-positive routes (Dietrich et al., 1999; Haines et al., 2004; Latimer & Jessen, 2008; Mic & Duester, 2003) . Thus, it has been suggested that Hgf signaling prevents muscle precursors from reaggregation and maintains their mobility (Dietrich et al., 1999) . Our results are consistent with this view that HGF signaling is required for the prevention of muscle precursor reaggregation. Rapid downregulation of c-Met in fin muscle precursors can explain their reaggregation after delamination from the lateral dermomyotome (Okamoto et al., 2017 ; Figure 3 ). The high ability of hypobranchial muscle precursors to aggregate in catshark (Okamoto et al., 2017) can also be explained by very low or absent expression of c-Met in these cells (Figure 3 ). Giving these findings, it is necessary to develop techniques to manipulate catshark embryos to confirm our hypothesis that the downregulation of c-Met in muscle precursors is related to their high ability to aggregate (Okamoto et al., 2017) . Future studies should also clarify whether HGF/MET signaling is required not only for preventing reaggregation of muscle precursors, but for their migration in fin buds as well as in hypobranchial regions. In catshark, muscle precursors separated from the lateral dermomyotome contribute to the formation of rather simple appendicular muscles and hypobranchial muscles. However, in amniotes, migratory muscle precursors migrate long distance and give rise to rather complex limb muscles, as well as cucullaris/trapezius muscles, tongue muscles, infrahyoid muscles and the mammalian diaphragm (Bladt et al., 1995; Dietrich et al., 1999; Kusakabe & Kuratani, 2005) . We hypothesize that alteration of the c-Met expression levels might have increased the mobility of migratory muscle precursors, thus contributing to the emergence of these complex muscles, which are required for terrestrial life. 
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